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ABSTRACT
The nature of Galactic interstellar extinction is tested using reddening line parameters for several fields
in conjunction with equivalent widths W (λ4430) for the diffuse interstellar band at 4430 A˚. The Cardelli
et al. relations [29] at infrared, optical, and ultraviolet wavelengths are inconsistent with the newly-derived
quadratic variation of RV (observed) on reddening slope X. A minimum of RV = 2.82 ± 0.06 exists for
X = 0.83 ± 0.10, and is argued to represent true Galactic extinction described by A(λ) ∝ λ−1.375. It
matches expectations for a new description of extinction in the infrared, optical, and ultraviolet by Zagury
[32]. Additional consequences, reddened stars with no 2175 A˚ feature and a correlation of normalized λ4430
absorption with X, are not predicted by the Cardelli et al. relation [29]. Known variations in X from 0.62
to 0.83, and corresponding variations in RV (observed) from 4.0 to 2.8, presumably result from forward-
scattered starlight in the ultraviolet contaminating optical light of stars affected by dust extinction. A new
understanding of the true nature of interstellar extinction is important for establishing an accurate picture of
the extragalactic distance scale, which in turn is related to our understanding of the nature of the Universe.
Subject headings: ISM: dust, extinction — ISM: lines and bands — Galaxy: local interstellar matter — Galaxy: open
clusters and associations: general
1. INTRODUCTION
The existence of opaque dust clouds in the Milky Way
blocking the light of background stars was revealed dra-
matically when observational astronomers exposed pho-
tographic plates to starlight originating from the direc-
tion of the Galaxy’s disk in the late nineteenth century
[1]. The presence of dust as a more pervasive compo-
nent of the interstellar medium was recognized by as-
tronomers doing star counts to establish the dimensions
of the Galaxy [2,3,4] in the second decade of the twen-
tieth century. General confirmation of the interstellar
component of Galactic dust, however, is generally at-
tributed to Trumpler’s 1930 photometric and spectro-
scopic studies of the Galaxy’s bright open star clusters
[5].
Trumpler demonstrated that extinction of starlight
must exist, amounting to ∼ 50% (0.7 magnitude in as-
tronomical brightness) for every 1000 parsecs (= 1 kilo-
parsec, kpc) of distance in the Galactic plane [6], oth-
erwise open cluster diameters would increase systemat-
ically with distance, a most unlikely situation. The ex-
tinction differs markedly from that value in some direc-
tions. Kapteyn, for example, earlier inferred 1.0 mag-
nitude of extinction per kpc [7] from star counts in the
direction of the Galactic centre, whereas NGC 1893 to-
wards the anticentre contains stars displaying extnction
of only ∼ 1.2 magnitude at a distance of ∼ 4 kpc [8].
Trumpler’s study is of interest because it was the first
instance in which photometry and spectroscopy of open
clusters was used in conjunction with main-sequence
fitting techniques to derive cluster reddenings and dis-
tances, in the process revealing information on the na-
ture of yet another component of the Galaxy, interstel-
lar dust. Subsequent refinements in the methods of
studying open clusters resulted in modifications both to
the variable-extinction technique and to cluster main-
sequence fitting that helped establish mean properties
for interstellar extinction as well as their spatial varia-
tions with location in the Galactic plane [8].
Studies of the wavelength (λ) dependence of inter-
stellar extinction are tied to spectrophotometry of hot
stars (those of spectral types O, B, and A), such a re-
striction being essential to reduce the alternate effect
caused by masking of stellar continua by spectral lines,
which increase in abundance and crowding for cooler
stars of spectral types F, G, and K. In addition, ex-
tinction by Earth’s atmosphere contaminates in system-
atic fashion photometric observations of stars made from
ground-based facilities. Its effects must also be removed
to isolate the effects of interstellar extinction (see [9]).
It is now recognized from spectrophotometric studies of
reddened stars [10,11,12,13,14,15] years ago that, at visi-
ble and near-infrared wavelengths, interstellar extinction
depresses stellar continua in magnitude units in nearly
linear fashion as a function of λ−1, as seen in Fig. 14 of
Nandy’s study [15], as well as in the studies by Zagury
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Fig. 1.— A schematic colour difference diagram illustrating a simple λ−1.375 extinction law, normalized to AV = 0 for EB−V = 1.0
and RV = 2.82, shown as the black curve relative to the stellar continuum (horizontal line). The standard Cardelli et al. extinction
law [19] is shown by the red curve for the same value of RV , the gray area representing the depression of the stellar continuum by
the effects of interstellar extinction for that law. The dashed line lying above the solid curve in the ultraviolet region represents
forward scattered starlight (the dark gray area) by Rayleigh scattering according to Zagury [22]. Vertical lines denote the location
of diffuse interstellar bands at 2175 A˚ and 4430 A˚, as well as the U, B, and V bands for Johnson system photometry.
[16], Zagury & Turner [17], and in Fig. 1 below.
It is convenient to graph the effects of interstellar
extinction on stellar continua using a colour difference
diagram, which plots continuum depression in stellar
magnitudes as a function of inverse wavelength (λ−1,
e.g. [18]), as illustrated in Fig. 1. Here we follow the
standard astronomical practice of plotting stellar spec-
tra with wavelength increasing along the X-axis. It can
be noted that the extinction is nearly linear as a func-
tion of λ−1 from 0.8 µm−1 (λ = 1.2 µm) to 2.3 µm−1
(λ = 0.435 µm). Deviations from a linear law occur at
shorter wavelengths, namely those lying below “Nandy’s
knee” [19] at λ = 0.435 µm (= 4350 A˚), where the ul-
traviolet interstellar extinction normally displays some
curvature (Fig. 14 in [15], and Fig. 1). At such wave-
lengths the amount of extinction appears to be less than
that expected from a simple continuation of the linear
law at visible and infrared wavelengths. We expect no
extinction at infinitely long wavelengths.
In the UBV photometric system of Johnson & Mor-
gan [20] the B (4365 A˚) and V (5475 A˚) bands lie on
the linear part of the visible extinction relation, while
the U (3500 A˚) band lies below Nandy’s knee. The de-
gree of linearity of the extinction curve can therefore
be assessed, in the Johnson system, using the param-
eter EU−B/EB−V describing the ratio of the redden-
ing EU−B , the difference in extinction in magnitudes
between the U and B bands, to the similar amount of
reddening EB−V describing the difference in extinction
between the B and V bands. The ratio can also be writ-
ten as EU−B/EB−V = X + Y × EB−V , the curvature
term Y arising from the changing wavelength sensitiv-
ity of broad band filters on stellar continua as redden-
ing increases. The parameter X, the slope of the red-
dening line [21], varies with position along the Galac-
tic plane [8,22,23], while the curvature term Y is small.
A study by Turner [24] established a mean value of
Y = 0.021± 0.006 for local regions of the Galaxy from
high quality photometric and spectroscopic data for O
and B-type stars in restricted Galactic fields. Typical
reddening slopes X appear variable, however, ranging
from perhaps 0.55 to 0.84 along different directions in
the Galactic plane. As will be demonstrated here, a lin-
ear extinction law of the type described by Nandy [15]
produces X = 0.83.
The nature of interstellar dust has been established
from the wavelength dependence of interstellar extinc-
tion and polarization (linear and circular) in conjunc-
tion with the observed emission properties of warm dust
clouds and simulations using Mie models for light scat-
tering off spheroidal particles. In the unified model pro-
posed by Li & Greenberg [25], the extinction and red-
dening in the visible and infrared arises from collections
of small amorphous silicate particles with overall dimen-
sions similar to the wavelengths of optical light; an ap-
parent dip in the ultraviolet extinction at 2175 A˚ is at-
tributed to molecular absorption produced by small car-
bonaceous grains (see the dip in the red curve in Fig. 1),
while a flattening of the apparent extinction in the far
ultraviolet (short wavelength portion of the red curve) is
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attributed to very small graphite or silicate particles, or
possibly polycyclic aromatic hydrocarbons (PAHs). In
addition there are a number of diffuse interstellar bands
(DIBs), of as-yet unspecified origin, superposed on stel-
lar spectra [26], although it is unclear if the 2175 A˚ bump
should be included in the sample. One of the first DIBs
to be discovered occurs at 4430 A˚, with a maximum
depth reaching ∼ 15% of the continuum level in stars.
Most others are found at longer wavelengths.
Correcting for the effects of interstellar reddening and
extinction is essential for nearly all studies in Galac-
tic astronomy tied to observations at optical wave-
lengths. Extinction corrections, e.g., AV for visual ex-
tinction, are made from a star’s measured reddening,
EB−V , using the ratio of total-to-selective extinction,
RV = AV /EB−V applicable to dust extinction towards
the object. Observed values ofRV are found to vary with
Galactic location [8,24,27,28], as also noted by Cardelli
et al. [29] when they derived empirical relations that ap-
pear to match interstellar extinction in the ultraviolet
through infrared for different directions in the Galaxy.
The Cardelli et al. extinction law [29] predicts, among
other features, that variations in X and RV should be
linearly related (red line in Fig. 2). Perhaps because
of ease of use, many researchers prefer to adopt mean
reddening laws in their studies, typically for a value of
RV = 3.1 (e.g., [30,31]).
The Cardelli et al. study [29] established that in-
terstellar extinction, from the infrared to the far-
ultraviolet, can be modeled using empirical polynomial
functions with a dependence on only one parameter,
RV , in addition to reddening EB−V . On the other hand,
their extinction formulae are tied to complex polynomial
fits (with up to seventh order terms) that have no physi-
cal meaning. In some cases the cited fits to observations
are not particularly accurate (e.g., reddened stars with
no 2175 A˚ bump) and may be considerably improved if a
dependence of the 2175 A˚ bump on EB−V is introduced
[32]. In addition, the decision by Cardelli et al. that RV
is the free parameter of interstellar extinction does not
appear to be judicious; it can be shown that a math-
ematical consequence of the Cardelli et al. [29] law is
that RV must be constant [16].
An alternate view of the extinction law has been de-
veloped by Zagury [32], who suggests that the existence
of linear extinction over the entire infrared through op-
tical region and the one-parameter dependence of the
Cardelli et al. [29] normalized extinction curves in the
ultraviolet and far infrared are incompatible with po-
tential variations in three independent types of particles
from one interstellar dust cloud to another [25]. Zagury
assumes that the lack of extinction relative to a simple
λ−1 relation observed below Nandy’s knee does not re-
sult from a change in the properties of interstellar grains,
but is the consequence of forward scattered starlight by
interstellar gas clouds along the line of sight to the ob-
server enhancing the observed amount of radiation from
Fig. 2.— The variation of RV (observed) with reddening
slope X according to the data of Table 1. The illustrated
quadratic fit reaches minimum at RV = 2.82 for X = 0.83.
Shown for comparison is the linear trend (red line) expected
from the formulae of Cardelli et al. [29].
a star. As yet it is the only alternative to classical inter-
stellar grain models. The very large amount of scattered
starlight that is observed in the ultraviolet in the Zagury
formulation [32], along with its λ−4 Rayleigh scattering
intensity dependence, require that the scattered light be
coherent scattering by hydrogen in the forward direc-
tion. An introduction to coherent scattering by hydro-
gen clouds in space is provided by Zagury & Pellat-Finet
[33], although there is as yet no satisfying theory on the
subject.
In such a situation true interstellar extinction be-
comes a simple case of Mie scattering over the entire
infrared to far ultraviolet wavelength region, with an
extinction law described by A(λ) ∝ λ−p, as specified by
the size distribution of the dust grains responsible. As
an aside, atmospheric aerosols produce an identical de-
pendence for their extinction [16,17]. A value of p = 1,
the simplest situation, would imply an invariant value
of RV = 4 throughout the Galaxy [16,17], whereas ob-
served values of RV ≃ 3 are typical of most Galactic
fields [8]. Associated values of p for interstellar extinc-
tion must therefore lie in the range 1.3−1.4 [17], which is
still similar to what is observed for atmospheric aerosols.
By implication the size distributions of atmospheric and
interstellar dust particles must be governed by similar
physical mechanisms. Anticipating the results presented
later in this study, we argue that the true dependence
for diffuse Galactic interstellar extinction is described by
A(λ) ∝ λ−1.375, corresponding to RV = 2.82, as illus-
trated in Fig. 1.
An important aspect of the Zagury description of in-
terstellar extinction [32] is how it affects the interpreta-
tion of observations in the ultraviolet. For the Cardelli
et al. empirical formulation [29], as in the unified model
of Li & Greenberg [25], all extinction originates from
interstellar dust particles in accordance with their size
distribution, in conjunction with the spectroscopic prop-
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Table 1: Reddening and Extinction Data for Galactic
Fields.
Region X RV ±s.e. Source
Berkeley 58 0.750 2.95 ±0.30 [44]
Berkeley 59 0.800 2.81 ±0.09 [45]
NGC 129 0.760 3.01 ±0.07 [8]
NGC 654 0.760 2.92 ±0.16 [8]
IC 1805 0.760 3.01 ±0.06 [8]
Alessi 95 0.830 2.80 ±0.10 [46]
Pleiades 0.750 3.11 ±0.15 [8]
NGC 1647 0.770 2.86 ±0.30 [8]
CV Mon 0.760 3.03 ±0.07 [47]
NGC 2439 0.760 3.00 ±0.10 [48]
Westerlund 2 0.630 3.81 ±0.20 [49]
Ruprecht 91 0.650 3.82 ±0.13 [50]
Lyng˚a 2 0.720 3.16 ±0.10 [8]
NGC 5617 0.720 3.07 ±0.11 [8]
Pismis 20 0.740 2.92 ±0.16 [51]
NGC 6193 0.760 2.93 ±0.19 [8]
Messier 4 0.622 3.76 ±0.07 [43]
NGC 6611 0.721 2.99 ±0.08 [27]
Trumpler 35 0.740 2.92 ±0.10 [8]
Collinder 394 0.700 3.10 ±0.10 [52]
NGC 6830 0.720 3.11 ±0.16 [8]
NGC 6834 0.750 2.96 ±0.13 [8]
SU Cyg 0.740 2.94 ±0.38 [53]
P Cyg 0.797 2.73 ±0.23 [54]
NGC 7062 0.810 2.81 ±0.21 [8]
Trumpler 37 0.800 2.83 ±0.12 [27]
NGC 7128 0.800 2.96 ±0.24 [8]
NGC 7654 0.750 3.03 ±0.15 [8]
NGC 7790 0.740 3.09 ±0.57 [8]
erties of the constituents, which contribute specific ab-
sorption dips via atomic and molecular transitions, such
as that observed at 2175 A˚, the strongest of the dif-
fuse interstellar bands (see Fig. 1). According to the
Zagury proposal [32], the extinction rise in the ultravi-
olet that generates the pseudo-continuum on which the
2175 A˚ feature is superposed is an artifact of a separate
process, namely forward scattered starlight that varies
as λ−4 [34,35,36,37,38], depicted schematically by the
dashed line in Fig. 1. In this alternate scheme, interstel-
lar extinction alone closely follows the λ−1.375 relation
depicted in Fig. 1.
Forward scattering of starlight can be a relatively effi-
cient process for particles with small dimensions relative
to the wavelengths of light being scattered [33,35,36].
The origin of forward scattered starlight in the far ultra-
violet is proposed by Zagury [16,32] to arise when light
from a star passes through a distant cloud of hydrogen.
Depending upon the relative distances of the star, cloud,
and observer, a relatively thin cloud of hydrogen suffi-
ciently distant from both a reddened star and Earth will
redirect starlight along the line of sight to the star [33].
The proportion of forward scattered light can be more
than an order of magnitude greater than the incident
starlight in the forward direction, thereby accounting
for an artificial λ−4 continuum in the far ultraviolet.
In the Zagury interpretation of interstellar extinc-
tion curves [32] the 2175 A˚ bump appears naturally
as an interruption of the scattered starlight (note that
the bottom of the 2175 A˚ feature never dips below the
λ−1.375 extinction curve), but its physical origin is un-
clear. Since there is no minimum in the Rayleigh scat-
tering cross-section for hydrogen, the bump could cor-
respond to a resonance phenomenon associated with co-
herent scattering. Possibly it is related to the strong
diffuse interstellar band (DIB) at 4430 A˚, about twice
the bump’s wavelength, and perhaps to the weaker DIB
at 6614 A˚, roughly three times its wavelength. A re-
cent suggestion by Sorokin & Glownia [39] that the 2175
A˚ feature can be created by two-photon absorption from
molecular hydrogen (H2) under conditions of induced
resonance Rayleigh scattering may be relevant. It is no
coincidence that H2 has also been suspected for many
years to explain the origin of the 4430 A˚ feature (e.g.,
[40]). The strength of the DIB at 4430 A˚ is known to cor-
relate quite closely with the strength of the 2175 A˚ bump
[41,42], so a similar origin of both features is expected.
A correlation between the relative strength of the DIB
at 4430 A˚ and X was also found by Wampler [21] fifty
years ago, but was not investigated further.
The new interpretation of interstellar extinction ex-
plains a number of anomalies left unexplained by inter-
stellar grain models and the Cardelli et al. formulation
[29], in particular the existence of clearly reddened
(EB−V > 0) stars that display no far ultraviolet rise
or 2175 A˚ absorption. Such stars display ultraviolet
extinction that varies roughly as λ−1.375, so the lack
of a far ultraviolet rise or 2175 A˚ absorption must be
attributed to the lack of a hydrogen cloud sufficiently
distant from the reddened star and Earth to generate
forward-scattered starlight. Many such stars lie in di-
rections away from the Galactic plane, e.g., towards the
Magellanic Clouds [16,38], where only Galactic cirrus is
capable of generating forward scattered starlight.
The new understanding also leads to interesting pre-
dictions regarding the optical reddening law and ob-
served values of RV . If scattered starlight is strong
enough in the ultraviolet, it will gradually become more
important in the optical wavelength region, first in the
standard ultraviolet U band, and then, to a lesser ex-
tent, in the blue B band. It might even contribute a
very minor component in the visual V band. The effect
is to decrease the colour excesses EU−B and EB−V for
a star systematically from their true values, more so for
EU−B , with a related effect on the observed reddening
slope X. In similar fashion the value for the ratio of total-
to-selective extinction RV (observed) increases above its
true value of 2.82 for interstellar extinction. Observed
values of X should therefore decrease under such con-
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ditions, while observed values of RV will increase. The
minimum of observed RV values should therefore corre-
spond to the true value for interstellar extinction with-
out a scattered light component, producing the best p-
value that fits the simple interstellar grain extinction law
of Zagury [32].
In this framework the scattered light component of
extinction curves has a dependence on the square of the
reddening (E2B−V ). The relationship between X and
RV should therefore be more complex than that ex-
pected from the Cardelli et al. formulation [29], namely
quadratic rather than linear. An alternate version of
such a relationship was also speculated upon by the lead
author [27,28]. An increase in the scattered light com-
ponent for a star is also predicted to result in stronger
2175 A˚ and 4430 A˚ absorption bands, which must in-
crease in strength in proportion to a decrease in the ob-
served extinction slope X. Such a dependence for the
4430 A˚ feature was indeed noted by Wampler fifty years
ago [21], as noted earlier, but never investigated fur-
ther. The present investigation was therefore designed
as a follow-up to Wampler’s original study, specifically
aimed at tying together the various pieces of observa-
tional evidence to test the ideas proposed by Zagury [32]
regarding a new description of interstellar extinction.
2. DEPENDENCE OF RV (observed) ON X
Establishing an estimate of reddening slope X for any
star field is a challenging task that requires high quality
photometry and spectral types for stars in the field. By
comparison, the Cardelli et al. relationship [29] in the
optical and infrared is tied mainly to colour difference
data for stars, which can introduce systematic effects in
some situations [27]. The use of high quality data for
stars in restricted star fields is just as effective [24], and
helped to generate the observational correlation between
RV (observed) and X noted by Turner [28]. At the time
of that discovery it was intended to confirm the corre-
lation using results acquired in an earlier study [8], but
the variable-extinction data in that study were of mixed
quality, limiting possible conclusions.
For the present study we re-examined the variable-
extinction results from the Turner study [8] to isolate
those of optimum quality, and added results from sub-
sequent studies by the lead author, typically of open
clusters containing Cepheid variables. We also included
results for the globular cluster M14 by Hendricks et
al. [43], without their adjustment to the Cardelli et
al. scheme, since M14 is one of only a few clusters in
the well-studied field of Upper Scorpius affected by dif-
ferential reddening [24,27]. A compilation of the results
is given in Table 1, and the data are plotted in Fig. 2 as
a dependence of RV (observed) on X.
The observational data of Fig. 2 appear to follow a
quadratic trend rather than the linear relation derived
by Turner [28] using far fewer data points. They also
deviate from the trend expected from the Cardelli et
al. reddening law [29], shown as the red line in Fig. 2. A
least squares quadratic solution to the data has a mini-
mum atRV (observed) = 2.82±0.06 andX = 0.83±0.01,
the result adopted in Fig. 1. By implication the true
value of RV for interstellar extinction is 2.82, and is
associated with an interstellar reddening law of slope
X = 0.83. Smaller reddening slopes X and larger values
of RV (observed) must be artifacts of enhanced forward
scattered starlight in the ultraviolet permeating dispro-
portionately into the optical wavelength bands.
The data of Fig. 2 also argue that minimum values of
RV (observed) in the Galaxy must be around 2.8 with
maximum values of perhaps 4. The latter can be accom-
modated by modifying the exponent of the λ−1.375 ex-
tinction law to λ−1 ([16], see also [49]), but that is merely
a cosmetic correction to adjust for the scattered starlight
component superposed on the optical continuum. The
true interstellar extinction relation A(λ) ∝ λ−1.375 is
presumably unchanged. In addition, the observed range
of reddening slope X from 0.62 to 0.83 may represent
the maximum variation possible for apparent extinction
in the Milky Way by interstellar dust clouds intermin-
gled with clouds of hydrogen, the true reddening slope
remaining unchanged at 0.83. By implication the large
values of RV (observed) ≃ 5 cited for stars in some H II
regions must represent unique circumstances associated
with neutral extinction that enhances the overall extinc-
tion towards an object with minimum influence on the
reddening slope X.
Reliance on the Cardelli et al. relations [29] for cor-
recting for the effects of interstellar extinction in the
Galaxy can no longer be supported according to the re-
sults of Fig. 2. The Cardelli et al. law [29] predicts vari-
ations in both reddening slope X and ratio of total-to-
selective absorption RV (observed) that exceed the range
of observed values (Table 1) and deviate markedly from
them (Fig. 2). Given the other weaknesses pointed out
in §1, corrections for interstellar extinction in Galactic
studies in future must use relationships more suitable to
the specific regions under investigation.
3. THE λ4430 DEPENDENCE
In order to replicate the results of Wampler [21], we
collected equivalent width data on 4430 A˚ band absorp-
tion for stars in several open cluster fields for which the
reddening slope X is reliably known. For the clusters
Alessi 95 and Berkeley 87 the data were measured from
intensity-normalized CCD spectra obtained for studies
of the clusters [46,55] . For Westerlund 2 the data were
obtained from similarly-normalized spectra published by
Rauw et al. [56]. Additional data were taken from the
digital atlas of OB star spectra published by Walborn
& Fitzpatrick [57], and from scanner observations of the
4430 A˚ feature by Underhill [58], Stoeckly & Dressler
[59], and Wampler [60], with the Ac measures (in per-
5
Fig. 3.— Measured equivalent widths for λ4430 as a func-
tion of colour excess EB−V for stars in (top portion) West-
erlund 2 (upper), Berkeley 87 (middle), and Alessi 95 (bot-
tom), and (lower portion) IC 1805 (filled circles), IC 4996
(open circles), and NGC 2244 (plus signs). Red lines denote
mean relations for each cluster.
centages) catalogued there converted to the equivalent
width of the 4430 A˚ feature, W (λ4430), using the for-
mula W = 0.2 Ac given by Underhill [58]. Both data
types (equivalent widths and Ac measures) were avail-
able for stars in NGC 2244, and gave essentially identical
results, indicating that the photographic spectra of the
1950s were reasonably accurately reduced to an intensity
scale by the techniques in use at the time.
The data for individual stars in six open cluster fields
are shown in Fig. 3, while mean values of equivalent
width ratio W (λ4430)/EB−V and X for the fields an-
alyzed are shown as sloped red lines in the figure and
are summarized in Table 2. There is no evidence for
λ4430 absorption in stars belonging to Alessi 95; many
of the stars are A-type objects in which normal spectral
lines of Fe I and Fe II are prominent in that wavelength
interval.
Correlations betweenW (λ4430) and EB−V have long
been recognized [21,26,58,59,60]. But the scatter dis-
played in general plots of the parameters is typically
large, masking the exact functional dependence. Ac-
cording to Fig. 3 such scatter must be the result of dif-
ferent dependences throughout the Galaxy, according to
the reddening slope X towards the direction studied.
The Carina field of Trumpler 16/Collinder 228
presents an interesting puzzle, as indicated by the data
of Fig. 4. A trend of increasing W (λ4430) with EB−V
is indicated, but is offset from the normal zero-point
of W (λ4430) = 0 at EB−V = 0 by a small amount
in colour excess; the trend begins at a reddening of
EB−V = 0.175. It apparently indicates that an initial
reddening of EB−V = 0.175 for stars in Tr 16/Cr 228 is
described by extinction without a scattered light com-
ponent, much like AzV18 in the Small Magellanic Cloud
[22,28], which incidentally is reddened by the same
amount. It suggests that the initial reddening for clus-
ter stars originates from interstellar matter close to the
stars [22]. Thereafter the stars are affected by a forward-
scattered component of starlight that must originate in
a more distant hydrogen cloud lying between the Sun
and the clusters.
Fig. 4.— Measured equivalent widths for λ4430 as a func-
tion of colour excess EB−V for stars in Tr 16/Cr 228. Note
the zero-point offset to EB−V = 0.175.
Determining the effective reddening slope for the
same stars is somewhat challenging. A study of the
Carina Nebula clusters Trumpler 16 and Collinder 228
by Turner & Moffat [61] derived a reddening slope of
X ≃ 0.75 for the field. But a study of the anomalous
extinction towards Carina by Turner [62] noted the di-
ficulties of assigning a specific value to the reddening
slope X of stars in the region. If the initial redden-
ing of EB−V = 0.175 applies to cluster stars, then we
expect that X = 0.83 is applicable for that initial red-
dening. Thereafter the reddening slope decreases as the
scattered light component dominates, and will average
X ≃ 0.75 only if X = 0.74 for stars of larger reddening.
A plot of colour excesses for stars in the field of the two
clusters is presented in Fig. 5, which replicates the data
in Fig. 8 of Turner [62] and demonstrates that the inter-
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Fig. 5.— Measured colour excesses for stars in Tr 16/Cr 228
and surrounding fields. Initial reddening of EB−V = 0.175
is described by X = 0.83 (red line), and larger reddening by
X = 0.74 (black line), in reasonably good agreement with
most of the data. A reddening slope of X = 0.63 applies in
some adjacent fields, and may affect the data for some stars.
Table 2: Equivalent Width Data for λ4430 in Open Clus-
ters.
Region X W (λ4430)/EB−V ±s.d.
Westerlund 2 0.62 2.566 ±0.238
Sco-Oph 0.63 2.187 ±0.512
IC 1590 0.73 2.286 · · ·
IC 4996 0.74 2.390 ±0.138
Tr 16/Cr 228 0.74 2.553 ±0.163
NGC 7380 0.75 2.768 ±0.165
IC 1805 0.75 2.713 ±0.754
NGC 2244 0.77 2.254 ±0.078
Cyg OB2 0.80 1.406 ±0.225
Trumpler 37 0.80 1.321 · · ·
Polaris 0.80 1.079 · · ·
Berkeley 87 0.81 0.628 ±0.221
Alessi 95 0.83 0.000 · · ·
pretation presented here is reasonably consistent with
the observational data.
The general variation of normalized λ4430 absorp-
tion summarized in Table 2 as equivalent width ra-
tio W (λ4430)/EB−V is plotted with respect to our
adopted independent variable, colour excess slope X,
in Fig. 6. The fact that stars for which X = 0.83
display no evidence for λ4430 absorption is expected
from the discussion by Zagury [22] about the strength of
the 2175 A˚ feature, which correlates directly with 4430
A˚ absorption according to Nandy & Thompson [29] and
Wu et al. [30]. That is substantiated by International
Ultraviolet Explorer (IUE) spectra for stars in the fields
studied. Most stars near SU Cas (only a few were ob-
served by IUE) exhibit either weak or no 2175 A˚ feature,
consistent with the λ4430 equivalent widths, while the
few stars observed by IUE in the Carina cluster fields
exhibit strong 2175 A˚ absorption, as expected.
Fig. 6.— Observed dependence of normalized λ4430 equiv-
alent widths as a function of reddening slope X. The gray
quadratic for X ≥ 0.75 is a best fit to the data, with no
λ4430 absorption at X = 0.83 and saturation adopted for
X ≤ 0.75.
The initial increase in normalized λ4430 absorption
with decreasing reddening slope X in Fig. 6 is expected
from the discussion associated with Fig. 1. As the
forward-scattered starlight component strengthens in
the near-ultraviolet U band, it encroaches upon the red-
dened stellar continuum in the optical region (the 4430
A˚ DIB falls in the B band). Around X = 0.75 the
normalized λ4430 absorption appears to saturate, and
remains at the same level as X decreases further. That
must relate directly to the mechanism that creates the
2175 A˚ and 4430 A˚ features. Note that the observed
colour excesses EB−V for X ≤ 0.75 are systematically
underestimated from their true values in this scheme,
so the saturation depicted in Fig. 6 is, if anything, un-
derestimated. It would be interesting to establish if
there is a corresponding saturation in the strength of
the 2175 A˚ feature for stars lying in regions of small
reddening slope X. Otherwise, the linear trend seen at
larger reddening slopes is consistent with the results
found by Wampler [22,23], despite small differemces in
the adopted values of X for each field.
It may be possible to include additional data in Fig. 6
using measures of W (λ4430) for stars lying in other re-
gions where the reddening slope is well established. The
main hindrance to such research is finding suitable spec-
troscopic data or measures of λ4430 equivalent width, in
conjunction with high quality photometry and spectral
types for the establishment of reddening slope X. The
implied correlation between normalized λ4430 absorp-
tion and relative strength of the 2175 A˚ feature pro-
posed here is worth investigating further, but is difficult
to confirm with the ultraviolet observations available.
The concept does remain a distinct possibility, however.
7
4. DISCUSSION
The nature of interstellar extinction in the Galaxy is
tested here using empirical observational data related
to variations in reddening slope X (= EU−B/EB−V for
small reddening), observed ratio of total-to-selective ex-
tinction RV , and equivalent width W (λ4430) for stars
in well-studied Galactic fields, typically regions of open
clusters where the properties of the extinction do not
vary appreciably from one star to another. The derived
quadratic variation of RV (observed) with X is presum-
ably related to increasing amounts of forward-scattered
starlight in the ultraviolet affecting the optical colour
excesses EU−B and EB−V , as well as RV (observed), in
systematic fashion, the effect increasing in direct propor-
tion to the amount of forward-scattered starlight in the
ultraviolet. As noted by Zagury [32], the colour excesses
for stars displaying such effects are undoubtedly under-
estimated from what they would be in the absence of
scattered starlight in the ultraviolet. The observed de-
pendence differs markedly from expectations predicted
by the Cardelli et al. relationship for interstellar extinc-
tion [29].
An associated effect on equivalent widths W (λ4430)
for the interstellar 4430 A˚ feature is expected because
of the direct correlation between the strength of the
2175 A˚ feature with W (λ4430) [41,42]. The observed
effect (Fig. 6) is mostly as expected, with normalized
W (λ4430) absorption increasing directly with decreas-
ing X from W (λ4430)/EB−V = 0 at X = 0.83. But
there is a subsequent saturation of the normalized ab-
sorption near X = 0.75 that, while expected, is not
fully explained by the physical concepts of extinction
proposed by Zagury [32]. Presumably it is associ-
ated with the mechanism by which absorption at 2175
A˚ originates. In the original Zagury proposition [32]
a resonance mechanism for the forward scattering of
starlight by clouds of hydrogen was proposed to explain
the 2175 A˚ absorption, but apparently such considera-
tions are now focusing on a possible origin from inter-
stellar H2 molecules, as suggested by Sorokin & Glownia
[39]. Either mechanism may also apply to absorption at
4430 A˚, i.e. resonance in interstellar hydrogen or ab-
sorption by H2 molecules, given the obvious correlation
between the two.
A major repercussion of the present findings is that
use of the Cardelli et al. [29] relations to correct for in-
terstellar extinction is no longer justified. Yet the same
prescription is typical of the corrections made for extinc-
tion towards Cepheids in other galaxies. Although total
extinctions for dust obscuration are made from observa-
tions over the visual and infrared VRI bands in order to
minimize potential variations from the Galactic mean,
it should be noted that dust extinction described by a
A(λ) ∝ λ−1.375 absorption model predicts different in-
trinsic infrared colours from those usually adopted, as
well as less total extinction AV . The differences might
appear to be small, but tests indicate that they are
significant [63]. For example, the 2175 A˚ feature ob-
served towards galaxies at high Galactic latitude is gen-
erally weak of absent, despite non-zero reddenings for
the galaxies [64,65], implying that a value of RV = 2.82
is applicable for them.
By implication, the derived distances to galaxies con-
taining Cepheid variables are likely underestimated in
studies to date. Since the same galaxies serve as cali-
brators for the extragalactic distance scale, the obser-
vational determination of the local Hubble constant H0
from such studies may contain systematic effects. That
will influence the accuracy ofH0 expected by the SH0ES
collaboration [66], for example, and possibly explain why
recent values such as H0 = 74.3±2.1 km s
−1 Mpc−1 ob-
tained by the Carnegie Hubble team using Cepheids [67]
are systematically larger than values of H0 = 67.3± 1.2
km s−1 Mpc−1 obtained by the Planck collaboration
[68] or H0 = 68.9 ± 7.1 km s
−1 Mpc−1 obtained from
UGC 3789 by Reid et al. [69]. The proper treatment of
interstellar and extragalactic extinction is an important
consideration in such comparisons.
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